The hydrolytic specificity of a 30 kilodalton cysteine proteinase purified from germinated barley (Hordeum vulgare L. cv Morex) was investigated using high performance liquid chromatography to characterize its hydrolysis of two small barley seed proteins, the a-and ,8-hordothionins. The reduced and pyridylethylated thionins were rapidly cleaved, resulting in the production of a limited number of peptides. Peptide bonds Gly9-Arg1O, Cysl6-Arg17, Cys25-Ala26, and Thr34-Ser35 were most susceptible to hydrolysis, the peptide bonds Arg5-Ser6, Argl9-Gly2O in both thionins and Lys38-Cys39 in 6-hordothionin and Cys29-Arg3O of a-hordothionin being broken at much slower rates. The hydrolysis pattems were highly reproducible from assay to assay and with various enzyme preparations. The specificity was apparently defined by the amino acids in the P2 position, not those immediately adjacent to the susceptible bonds. The P2 amino acid residues of the released peptides were always either leucine, valine, tyrosine, or pyridylethylcysteine. From these observations and from the rates of release of the various peptides, it appears that the barley 30 kilodalton endoproteinase has an S2 subsite that preferentially binds the leucine side chain: i.e. for hydrolyzing the peptide bond Pi-P1' in the general sequence NH2-P2-P1-P1'-COOH, the enzyme is selective for leucine and, to a lesser extent, valine and tyrosine at position P2. The barley proteinase thus resembles two other cysteine proteinases, papain and Streptococcal proteinase, in its specificity.
reduced to low molecular mass nitrogenous compounds that can be utilized by brewing yeasts. Malting is a commercial process in which barley seeds are germinated under closely controlled environmental conditions. The resulting green malt is then dried until used by the food or beverage industries.
It has been shown that, because of the relatively large amounts ofexopeptidases in germinating barley, the endoproteinases are rate limiting for the release of amino acids and peptides from the storage proteins (19) . This means that, in addition to determining the amounts and sizes of the soluble proteins and peptides released from storage proteins during the initial growth period, the hydrolytic specificity of the endoproteinases will also determine which amino acids are at the terminii ofthe released peptides and thus, at least partially, which amino acids are most quickly released for utilization by the plant (during seed germination) or by brewing yeasts (during malting). For these reasons and others, we have used the purified 30 kD endoproteinase to hydrolyze two forms of the low molecular mass barley proteins called hordothionins. In this paper, we report where and at what rates the endoproteinase hydrolyzed the hordothionins and, from a knowledge of the amino acid sequences of the thionins we have determined which peptide bonds were hydrolyzed to release the observed peptides.
We have previously reported the purification and partial characterization of a 30 kD endoproteinase from germinated barley (Hordeum vulgare L. cv Morex) (16) . The characteristics of this enzyme are consistent with its being the predominant proteinase synthesized during barley germination. Such endoproteinases are important because they are responsible for transforming the grain endosperm storage proteins into soluble proteins, amino acids and peptides that can be metabolized and utilized by the growing plantlet. Commercially, this transformation is important because, during the malting of barley for brewing, the insoluble storage proteins must be ' Research supported in part by a grant from the American Malting Barley Association. The previous paper in this series is Poulle and Jones ( 16) .
Extraction and Purification of Hordothionins
Hordothionins were purified from Morex barley by a modification of the method of Jones et al. ( 11) previously used to prepare purothionins. Barley (cv Morex) seeds were ground in a Udy cyclone mill and the flour was suspended in 0.1 N sulfuric acid (5 mL/g flour), stirred well, and allowed to stand at room temperature for 1 h with occasional stirring. The resulting slurry was then centrifuged at 10,000g for 10 min. The supernatant was filtered through two layers of cheesecloth, adjusted to pH 7.4 with concentrated NH40H, and left for h at room temperature. After a second 10,000g, 10 The thionins eluted at about 0.7 M (f3-hordothionin) and 0.8 M (a-hordothionin) ammonium acetate. They were freezedried twice to remove residual ammonium acetate and were finally purified to homogeneity with HPLC using the conditions described below for separating peptides.
Source of Proteinase
The 30 kD proteinase was purified from green malt as described previously (16) . Enzyme from the mercury agarose affinity chromatography step was used.
In Vitro Digestion of Hordothionins HPLC-purified a-and ,3-hordothionins were reduced and pyridylethylated by the method of Mak and Jones (14) , because the PE-cysteine residues absorb strongly at 254 nm. Since native hordothionins contain only one residue each of tyrosine and phenylalanine, the pyridylethylation of their eight half-cysteine residues greatly improved the detection of the smaller peptides produced by enzymatic hydrolysis.
Freeze-dried pyridylethylated hordothionins (typically 0. (20) . The amino acids were derivatized with PITC according to a modification of the method of TIME(minutes) position values than using commercial amino acid standard solutions.
Identification of Endoproteinase-Susceptible Peptide Bonds
From the amino acid composition of each peptide, its position in the original substrate was readily deduced from the known a-(15) and 13-(BL Jones, unpublished experiments) hordothionin amino acid sequences. From this, it was obvious which peptide bonds had been hydrolyzed to release the various peptides.
RESULTS AND DISCUSSION In Vitro Digestion of Hordothionins by the 30 kD Barley Endoproteinase
When native (nonpyridylethylated) hordothionins were used as substrates, they were totally resistant to hydrolysis by the purified barley proteinase (Fig. 1) . Figure 1 , A and B, shows the HPLC patterns ofthe native hordothionin substrate after 0 and 240 min of incubation with the enzyme. All peaks of Figure 1 that eluted prior to 2.5 min were artifacts resulting from the 13-mercaptoethanol used to reduce the substrate and substrate fragments after hydrolysis and prior to analysis. The thionins are cystine-rich proteins (eight half-cystine residues per molecule, all disulfide bonded) (8, 12) and are folded into compact structures (3) , which may explain their resistance to proteolytic degradation. After the thionins were unfolded by (Fig. lC) or reduction and pyridylethylation (Fig. lD) , they were readily degraded to peptides by the proteinase. The inability of the enzyme to hydrolyze native hordothionin is apparently characteristic of the substrate, not the enzyme, since the proteinase readily hydrolyzed nonreduced bovine serum albumin (not shown) and hordein proteins (16) .
The HPLC peptide separation patterns obtained when reduced and pyridylethylated a-hordothionin was hydrolyzed with the 30 kD proteinase for varying times are shown in Figure 2 . The major peak in the 0.5 min hydrolyzed sample ( Fig. 2A) , which eluted at 26 min, was unhydrolyzed ahordothionin. Within 10 min (Fig. 2C) , almost all of the thionin was degraded to earlier eluting peptides. The peptide elution times in Figures 1 and 2 differ because different elution gradients were used to produce the separations. In general, the peptides eluted from the HPLC column in order of increasing size, from smallest to largest. With time, the protein was reduced to progressively smaller peptides until, after 100 min of incubation (Fig. 2F) , essentially all of the bonds susceptible to hydrolysis by the 30 kD protease were cleaved and no further appreciable changes occurred in the elution patterns. The cessation of breakdown was apparently not due to enzyme inactivation, as addition of fresh enzyme after 100 min did not initiate further peptide formation. The hydrolysis patterns-both the number of peptides produced and the order of peptide release-were identical from assay to assay and with different preparations of the enzyme. The fact that a relatively small number of distinct peptides was produced indicated that the proteinase possessed a rather tight specificity. Incubation of pyridylethylated ,B-hordothionin with the enzyme produced the same fast and reproducible hydrolysis.
Since the a-and 13-hordothionins are identical in the first 26 amino acids of their sequences but vary in residues 27 to 41, some of the peptides formed from the two substrates were identical while others differed (Fig. 3) . Figure 4A shows the ion exchange elution pattern ofthe a-hordothionin peptide separation while Figure 5A shows that of #-hordothionin. UV absorbing fractions from these ion exchange separations were pooled into (Fig. 7) , it was possible to unambiguously deduce the position of each peptide in its original thionin structure. An example is given for the 'peptide' 37 which was obtained from the 200-min f3-hordothionin hydrolysis (Fig.  8) . This 'peptide' contained 2 Ser, 2 Gly, 1 Thr, 2 Leu, and 1 Lys residues. This peptide fraction obviously contained equal amounts of two small peptides which could only have occupied residues Ser6 to Gly9 and Ser35 to Lys38 of f-hordothionin, indicating that the peptide bonds Arg5-Ser6, Gly9-Argl0, Thr34-Ser35, and Lys38-PECys39 must have been specifically hydrolyzed by the barley proteinase to release them. By analyzing the final (200 min) hydrolytic products as well as those early released peptides present after only 4 min of hydrolysis, it was possible to identify all of the scissile bonds and to determine in roughly what order they were hydrolyzed. Figure 7 summarizes the results. Peptide bonds Cys25-Ala26 and Thr34-Ser35 were the first bonds hydrolyzed in both thionins, since they were the only ones cleaved after 4 min of incubation. The bonds Arg5-Ser6, Gly9-ArglO, Cysl6-Argl 7, and Argl 9-Gly2O of both thionins and Lys38-PECys39 of f3-hordothionin and PECys29-Arg30 of a-hordothionin were hydrolyzed at an intermediate rate (not broken after 4 min but totally cleaved before 200 min), while the bond between Asn 14 and Leu 15 of each thionin was cleaved at a slow rate (only partially broken after 200 min incubation).
Purification of Peptides for Analysis

Specificity of the Barley Proteinase
Preliminary examination of this data shows that the amino acids most frequently present at the P1 position of the scissile hordothionin peptide bonds are arginine, serine, and PEcysteine. However, many other bonds linked by these particular amino acids were not hydrolyzed even after prolonged periods of incubation with the proteinase. For example, the bond Cysl6-Argl 7 was readily hydrolyzed in both thionins while the Cys4-Arg5 bonds of both thionins and the Cys29-Arg30 bond of f-hordothionin were not affected, even after incubation for 200 min. In addition, the bonds adjacent to these particular amino acids were not hydrolyzed in consistent and predictable ways, as are those hydrolyzed by trypsin and some of the other proteinases. For example, some arginyl peptide bonds were cleaved whether arginine was on the C-terminal (Gly9-Arg10; Cysl6-Argl7) or the N-terminal side (Arg5-Ser6; Argl 9-Gly2O) of the scissile bond. For these reasons it appears that the specificity of the barley proteinase is not defined by either of the amino acids directly involved in forming the susceptible bonds.
Leucine was the penultimate C-terminal residue in both of the quickly released peptides from each of the hordothionins and in 5 of the 10 peptides released at intermediate rates. Of the other peptides released between 4 and 200 min of incubation with the proteinase, three had Val as penultimate amino acid, and the other two contained PECys at that position. The two peptides released by very slow hydrolysis both contained Tyr as penultimate residues. With the exception of the bond between residues 5 and 6, all hydrolyzed bonds were one amino acid residue to the C-terminal side of either Leu, Val, or Tyr and all bonds occupying that position relative to those three amino acids were hydrolyzed.
The 30 kD barley endoproteinase thus appears, from the hordothionin hydrolysis data, to specifically hydrolyze the peptide bond between amino acid residues PI and Pi' in in either of the hordothionins, so their actions will have to b tested with other substrates. There is one Phe residue in eac of the hordothionin substrates and neither was recognized b the enzyme. In either substrate, however, the endoproteinas would have to function as a carboxypeptidase to hydrolyz the bond specified by the Phe residues. Possibly the endoprc teinase will not catalyze the removal of a single amino aci residue from protein substrates.
It is apparent that some other attribute of the substrat besides the amino acid residue occupying the 'P2' position i also important in determining hydrolysis rates, since some of the bonds hydrolyzed when Leu residues (e.g. bonds 25-26 and 34-35) were at the P2 position were hydrolyzed much more readily than others (bond 9-10, etc.). This secondary effect may be due to secondary structure remaining in the molecules after reduction and pyridylethylation, or it may be that the amino acid residues at the P1 and/or Pi' sites can affect hydrolysis rates.
In a previous paper (16), we reported the purification, to electrophoretic homogeneity, and characterization of one of the major cysteine endoproteinases from germinated barley (green malt).
The specificity of plant seed proteinases have most often been investigated using synthetic substrates which, for the most part, have consisted of oligopeptides modified with nonamino acid groups attached at one or both ends of the molecule. However, such approaches are of limited usefulness as they may not always reveal the true or complete specificities of the proteinase examined. Since the physiological function ofthe seed proteinases is thought to be to degrade seed storage proteins into small peptides (5) (2) (2) , and Asn for the bean enzyme (4) . Although the barley proteinase is similar to the above enzymes in its physical properties, this work shows that it differs markedly from them in its specificity. In its specificity, the barley proteinase resembles papain, whose dominant specificity was attributed to the phenylalanine sidechain at subsite S2 (18) . In addition, however, papain was also specific for lysine and arginine sidechains at subsite SI (10) . A very similar specificity has also been reported for a Streptococcal sulthydryl proteinase (7). In the HPLC elution patterns of the hordothionin peptides, no free amino acids were detected except for some material that coeluted with PECys in peptides a6 and (36. It seems unlikely that this really was PECys, since no peptides were found that were missing a PECys residue from either the Cterminal or N-terminal ends. In addition, both of these 'peptide' fractions were collections of material that eluted from the column in the 'void volume' of the column, and PECys does not normally elute in this position. This indicates that the purified enzyme did not exhibit exopeptidase activity under the assay conditions used. We are now hydrolyzing several other small protein substrates with the barley proteinase to better pinpoint its specificity and to determine whether it can recognize other amino acids not present in the hordothionins. In particular, it will be interesting to see whether it can recognize Ile, Trp, and internally located Phe residues in substrates. Because of the narrow specificity of this enzyme 
